Translated by P. Curtis
It is well known that the fi rst stage of radiation oxidation of polymers is the addition of oxygen molecules by radicals formed during irradiation, by the scheme
Further, the peroxy radical can add to another macromolecule, with the formation of a hydroperoxide group
after which the occurrence of a complex sequence of secondary reactions is possible, with the formation, ultimately, of hydroxyl and carbonyl groups, water, and other oxidation products by the following schemes [1, 2] : 
etc.
The intensity of oxidation of the polymer depends on reaction (2) , as this reaction determines the subsequent formation of alkoxyl, alkyl, and other radicals taking part in further reactions. The main competing reaction for reaction (2) is the process of addition of the formed radicals R-O-O
• by double bonds of the residual monomer, the content of which in technical-grade polymers can be very considerable [3] [4] [5] .
We will conduct quantitative estimates for polymethyl methacrylate (PMMA), in which the reaction (7) can take place, with subsequent chain growth.
We will estimate the heat effect H of reactions (2) and (7) from the bond energies E.
For reaction (2), H = E(C-H) − E(O-H). E(O-H)
in alkylhydroperoxide is equal to 369 kJ/mol [6] , the average energy E(C-H) ≈ 413 kJ/mol [7] , and consequently H ≈ +44 kJ/mol.
For reaction (7), H = E(C=C) − E(C-C) − E(C-O).
According to data of reference (7), E(C=C) = 610.0 kJ/ mol and E(C-C) = 345.6 kJ/mol. It is more complicated with the energy E(C-O) in the peroxide group, which should be lower than the "normal" value of E(C-O), equal to 357.7 kJ/mol [7] , on account of the weakening effect. We will estimate the magnitude of this effect approximately by the comparative calculation method. In the R-O-O-H group, the energy of the O-H bond is 369 kJ/mol [6] . However, the energy of a "normal" O-H bond in organic compounds is equal, on average, to 462.8 kJ/mol [7] , i.e. the coeffi cient of weakening is equal to ~0.8. Assuming that, in relation to a "normal" C-O bond, the C-O bond in the R-O-O-R group is weakened to the same degree, for the latter we will obtain E(C-O) ≈ 286 kJ/mol. As a result, for reaction (7) we will obtain H ≈ 22 kJ/mol. Thus, the occurrence of reaction (7) seems to be thermodynamically preferable.
The occurrence of reaction (7) is also preferable for other reasons. Its rate is limited, probably, by the diffusion rate of the liquid monomer up to the instant it encounters the R-O-O
• radicals, while the rate of reaction (2) is limited by the diffusion of these radicals themselves. As the dependence of the diffusion coeffi cient d on the molecular weight M of the diffusing substance has the form d ~ M −n , where n > 1 [8] , it is obvious that the intensity of this process should be considerably higher for the monomer than for the radicals.
Final polymerisation of the monomer in PMMA can occur both via a stage of formation of the peroxide radical (1) and directly by the addition of MMA to the alkyl macroradicals R
• formed during radiolysis:
In reference (9) it was suggested that the effective rate constant of the reaction of alkyl macroradicals with MMA is higher than that of the reaction with oxygen, i.e. the occurrence of reaction (8) is preferable over reaction (1) . However, reaction (1) has a far higher exothermic heat effect by comparison with reaction (8) ( H respectively of −120 kJ/mol [6] and −58 kJ/ mol [10] ), and therefore it is thermodynamically more favourable. Diffusion diffi culties for reaction (8) are just as serious as for reaction (2) .
Experimental study of reaction (1) by thermal methods presents certain diffi culties in connection with the relatively low level of the heat effect per unit mass (for specimens kept in air under normal conditions before irradiation). According to published data, the occurrence of this reaction already ends at absorbed ionising radiation doses ranging from 1.0 kGy [11] to 1.8 kGy [12] .
Numerical analysis of equations of the diffusion kinetics of interaction of gas with the immobile reaction centres (macroradicals) concentrated in the polymer was undertaken in reference [13] . The problem was examined under the following initial and boundary conditions: at the initial instant of time, the concentration of radicals in a polymer specimen in the form of an unbounded cylinder is non-zero, and, with the passage of time, new radicals are formed; the initial concentration of diffusing gas in the cylinder is zero; on the side surface of the cylinder, a fi rst-order boundary condition (a constant level of gas concentration) is specifi ed.
In practice, such initial and boundary conditions are realised rarely and correspond to the case where a polymer specimen initially free of dissolved gases is irradiated with a certain dose and then placed in a gaseous atmosphere. Far more common is the case where in the polymer subjected to irradiation there is dissolved gas (in particular, oxygen), and the accumulation of immobile reaction centres (radicals) occurs gradually; their concentration can reach a stationary value at absorbed radiation doses D ~ 1 MGy [14] .
Below, we will examine the problem of the kinetics of the interaction of oxygen dissolved in the polymer with radicals formed under the action of γ-radiation of comparatively low intensity (absorbed dose rate N ~ 0.5 Gy/s) in the following formulation. At the initial instant of time, the oxygen concentration in the specimen is V 0 , the concentration of radicals W 0 = 0, the radiation chemical yield of the radicals G = const, and their concentration increases with time by the law
Here, the formal kinetic equation for reaction (1) can be written in the following way:
where k is the effective rate constant of the reaction.
Omitting the intermediate calculations, we will present the solution of equation (10) under specifi ed initial conditions and A = const in the following form:
where
The dependence V(τ) can be obtained experimentally from the data of calorimetric measurements conducted directly in the course of γ-irradiation of the investigated specimens. The procedure for conducting such experiments is set out in references [15] and [16] . Calorimetric experiments were conducted with PMMA specimens of 35 mm diameter and 80 mm length. In the course of an experiment, the power of additional heat generation in the specimen, N*, accompanying the occurrence of radiation chemical reactions, was measured. The results of one such experiment are given in Figure 1 . The maximum magnitude of N*, governed, in our opinion, by the occurrence of reaction (1), corresponds to the instant of the start of irradiation (τ ~ 0) and for various specimens reaches 17-21% of N, which is in agreement with the data given in reference [11] . With τ = τ 1 ~ 2800 s, a minimum is observed on the N*(τ) curve; additional heat generation at τ > τ 1 is caused by the occurrence of fi nal polymerisation of the residual monomer [15, 16] . As the start of the latter process also coincides, it seems, with the start of irradiation, the need arises to delimit the heat effects corresponding to the reactions of oxidation and fi nal polymerisation. In a fi rst approximation, the rectilinear dashed segment in Figure 1 , obtained by extrapolating the dependence N*(τ) with τ > τ 1 to the origin of coordinates, was used as the "boundary".
Experimental values of V/V 0 were determined by means of the formula
is the heat of reaction (1), equal to the area of region 1 in Figure 1 (J/kg), Q(τ) is the amount of heat released by instant of time τ, N G is the power of heat generation corresponding to the ordinates of the boundary dashed segment, and τ k is the duration of the reaction (the abscissa of the common point of this segment with the N*( ) curve in Figure 1 ).
We will estimate the initial parameters of the model examined.
We will fi nd the initial oxygen concentration V 0 dissolved in PMMA, assuming that Henry's constant, which characterises the solubility of O 2 , has roughly the same value for PMMA as for polyethylene and a number of other polymers (on average, ~4 × 10 −8 mol kg −1 Pa −1 [6] ). At a partial pressure p = 2.1 × 10 4 Pa, V 0 ≈ 10
mol/kg. This estimate is in satisfactory agreement with data of measurements of the heat of reaction (1) in the irradiated PMMA, amounting to −120 kJ/mol [6] or (with V 0 = 10 −3 mol/kg) to −120 J/kg. The experimental value of Q 0 , obtained under conditions of X-ray treatment of PMMA, is about −100 J/kg [11] . According to the results of our measurements, conducted under conditions of gamma-irradiation on different specimens (radiation source 60 Co, N = 0.5 Gy/s), Q 0 = −110 ± 23 kJ/kg, τ k ~ 3000 s, and D(τ k ) ~ 1.5 kGy.
Apparently, the upper limit for the effective rate constant k is its value that can be obtained using the well-known equation for the case of a diffusion-limited bimolecular reaction [17, 18] 
where d is the diffusion coeffi cient of the moving component (in the given case, oxygen), r is the sum of radii of the colliding particles, i.e. the gas-kinetic radius of O 2 and the radius of delocalisation of free valency in the radical R . Here, in the case where V 0 ≈ W 0 , the time of half-transformation will amount to t = 1/(k · V 0 ) ≈ 10 −3 s. The actual time of occurrence of reaction (1) is several orders of magnitude higher.
We will obtain a more reliable estimate for the effective rate constant of reaction (1) by calculating it by means of the equation
Using the data in reference [6] , obtained in lowtemperature experiments (E = 33 kJ/mol, Z = 4.2 × 10 6 kg mol
, with a density of PMMA ρ = 1180 kg/m 3 ), for a temperature T = 298 K we will obtain k ≈ 7 kg mol
. With such a value of k, t ~ 140 s.
The most uncertain parameter is the rate of accumulation of radicals A; we will estimate it from the relation
where the absorbed dose rate N = 0.5 Gy/s = 3.1 × 10 18 eV kg According to data in reference [9] , the yield of radicals G in PMMA at 273 K, depending on the monomer content, amounts to 1.7-3.2 per 100 eV of absorbed radiation energy. Assuming that G = 3.2, we will obtain A ≈ 1.7 × 10 −7 mol kg
. With such a value of A, experimental concentrations V/V 0 found by means of relation (13) do not agree with the results of calculation by means of formula (11) whatever the value of k. In fact, if it is assumed that k = , the calculated relative concentration of oxygen will change with time according to line 6 in Figure 2 , described by the equation
With the value of A found above, the calculated duration of the reaction with k = amounts to 6000 s, while its experimental value does not exceed 3000 s. All experimental points lie to the left of line 6, which has no physical signifi cance.
This contradiction can be eliminated by selecting a value of A with which the experimental points will lie to the right of the line defi ned by relation (14) (their restricted number may belong to the given line). This condition is equivalent to the inequality
where V i is the calculated value of the concentration of O 2 for instant of time i corresponding to the ith experimental point.
With such an approach, we obtain a lower estimate for the formation rate of radicals A. For the fi le of experimental points presented in Figure 2 , inequality (15) In conclusion, note that the procedural approach presented, consisting in a comparison of calculated and experimental values of the concentrations of the mobile component (formulae (11) and (13)), can be used in an analysis not only of processes of oxidation but also of other bimolecular reactions, the occurrence of which in irradiated polymers is accompanied with heat effects. The result of such comparison consists in estimation or refi nement of one of the three independent parameters of the problem (V 0 , A, and k) if two of them are known from other sources. 
